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ABSTRACT 



A method for execution by a data processor that pre- 
pares an object for display. The method includes a step 
of processing a first model of the object so as to produce 
a simplified model thereof, the step of processing in- 
cluding the steps of (a) superimposing a first plurality of 
grid cells on the first model; for any one of the first 
plurality of grid cells containing more than one vertex 
of the first model, (b) combining the vertices into a first 
representative vertex; (c) generating a first simplified' 
model that includes the first representative vertex or 
first representative vertices; and (d) storing the first 
simplified model for subsequent use. The method en- 
compasses a number of criteria for use by the step of 
combining the vertices within a grid cell. These criteria 
include: (a) selecting a center of the grid cell as a posi- 
tion of the representative vertex; (b) selecting a position 
of a predetermined one of the vertices within the grid 
cell as a position of the representative vertex; (c) select- 
ing an average position of the vertices as a position of 
the representative vertex; (d) selecting a position of a 
vertex that is nearest to the average position as a posi- 
tion of the representative vertex; and (e) selecting a 
position of a vertex that represents a locally extreme 
point within the grid cell as a position of the representa- 
tive vertex. 

28 Claims, 9 Drawing Sheets 
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for display. The method includes a step of processing a 
MULTI-RESOLUTION GRAPHIC first model of the object so as to produce a simplified 

REPRESENTATION EMPLOYIN G AT LEAST ONE model thereof, the step of processing including the steps 
SIMPLIFIED MODEL FOR INTERACTIVE of (a) superimposing a first plurality of grid cells on the 

VISUALIZATION APPLICATIONS 5 first model; for any one of the first pluraUty of grid ceUs 

containing more than one vertex of the first model, (b) 
FIELD OF THE INVENTION combining the vertices into a first representative vertex; 

This invention relates generally to solid modeUing (c) generating a first simplified model that includes the 
and, in particular, to methods and apparatus for display- first representative vertex or first representative verti- 
ing an object at a plurality of levels of resolution. ces; and (d) storing the first simplified model for subse- 

quent use. 

BACKGROUND OF THE INVENTION n,ethod, in one embodiment, includes a step of 

Graphic representations of large size engineering processing the first model to produce a second simpli- 
models, medical images, or computer generated scenes fied model thereof by the steps of (e) superimposing a 
for multimedia applications typically contain millions of second plurality of grid cells on the first model, the 
facets, that is, elements of surface tesselations. The com- second plurality of grid cells being larger than the first 
puting power required for rendering such complex plurality of grid cells; (f) for any one of the second 
models, in realtime, is presently beyond the reach of plurality of grid cells containing more than one vertex 
parallel data processing architectures. However, real- of the first model, combining the vertices into a second 
time interactive manipulation of viewing conditions representative vertex; (g) generating a second simplified 
provide important clues for luiderstanding an object's model that includes the second representative vertex or 
geometry and relative positions. In general, these visual second representative vertices; and (h) storing the sec- 
clues cannot be obtained from sequences of static im- simplified model for subsequent use. 
ages. Furthermore, interactive viewpoint manipulation -rhe method, in another embodiment, includes a step 
to accomplish, by example, a walkthrough through an 2= ^j. processing the first model to produce a second sim- 
engineering assembly model, or to visually inspect med- puggj ^^^^^ thereof by the steps of (e') imposing a 
ical data, requires realtime feedback and smooth object gg^jQ^jj plurality of gnd cells on the first snnpUfied 

, ... model, the second plurality of grid cells being larger 

To achieve the required perfonnmice, it is known to plurality of grid cells; (f) for any one of 

use an alternate representaaon of the model, which is 30 ^^^^^ containing more than 

less computauonally expensive to display For example, ^^^^^ simplified model, combining the 

m many Computer Assisted Design (CAD) and anima- ^^^^ .^^^ ^ representative vertex; (g') gener- 

tion systems wireframe models, or boxes placed around simplified model that includes the second 

the obiects, are used dunng realtime manipulation. ^ ^- _! j » ^ 

However, hese simplified ^phic substitute models 35 representative vertex or second repr^n^tt^ 
often produce imag« having ttiousands of displayed ^^^g ^^e second smiplified model for subse- 

lines. This number of lines is difficult to interpret, espe- quent use. . r ■ c 

daily in clustered visual enviromnents. . "^'^^^ encompasses a number of catena for use 

It is thus one object of the invention to provide ^y the step of combining the vertices withm a gnd cell 
method and apparatus that employs one or more simpU- 40 Th=se cntena mclude: (a) seleotmg a center of the gnd 
fied object models for display to a viewer, the simplified ^ ^ position of the representative vertex; (b) select- 

models being stored and accessed as required. a position of a predetermmed one of the verUces 

It is another object of the invention to provide a within the gnd cell as a position of the representative 
method for simplifying a triangulated object model, the vertex; (c) selecting an average posiUon of the vertices 
method operating on vertices of the model. 45 as a position of the representative vertex; (d) selecting a 

position of a vertex that is nearest to the average posi- 
SUMMARY OF THE INVENTION tion as a position of the representative vertex; and (e) 

The foregoing and other problems are overcome and selecting a position of a vertex that represents a locally 
the objects of the invention are realized by a method. extreme point within the grid cell as a posiUon of the 
and apparatus for practicing the method, that operates 50 representative vertex. 

by removing small details in a scene and displaying only The step of processmg includes an uutial step of tnan- 
major features during interactive manipulation. The gulating the faces of the object, and the step of generat- 
method employs bounding boxes placed around objects ing a first simplified model includes a step of detecting 
to decide whether the object, or what features of the and eliminating degenerate and dupUcate triangles that 
object, are to be displayed. The inventors have deter- 55 resuh from the execution of the step of combining, 
mined that many details in a displayed object can be During display of the object, the method further 
eliminated, without a loss of visual information. includes a step of selecting the first model or the simpli- 

The method constructs a plurality of graphic models, fied model for display. In one embodiment, the step of 
one for each desired level of simplification. Then, as a selecting a model includes a step of determining a size of 
particular object moves in the display space, the size of 60 a projection of a boundmg box of the object onto a 
the object's projection on the display screen is deter- display screen, and the step of selecting a model selects 
mined and the method successively switches to graphic either the first model or the simplified model as a func- 
models of the object having different simplification tion of at least the determined size of the projection, 
factors. This results in a suppression of image detail, In response to a required motion of the object on the 
with a consequent improvement in realtime perfor- 65 display, the step of selecting a model selects the first 
mance. model if the time required to display the first model is 

More specifically, there is disclosed a method for not inconsistent with providing realtime motion of the 
execution by a data processor that prepares an object object on the display means, otherwise the step of se- 
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lecting selects a simplified model, the display of which 
is not inconsistent with providing realtime motion. 

BRIEF DESCRIPTION OF THE DRAWING 

The above set forth and other features of the inven- 5 
tion are made more apparent in the ensuing Detailed 
Description of the Invention when read in conjunction 
with the attached drawing, wherein: 

FIG. la is a block diagram of an exemplary raster 
graphics systems; 10 

FIG. lb is a block diagram of the raster graphic sys- 
tem of FIG. la that shows a memory for storing object 
models and simplified versions thereof; 

FIG. 2 shows an exemplary object that has been 
triangulated; IS 

FIG. 3a illustrates a Model having vertices V1-V8; 

FIG. 3b shows a simplified version of the Model of 
FIG. 3a and a grid structure imposed thereon; 

FIG. 3c is an exemplary octtree data structure for 
storing the vertices of the simplified Model of FIG. 3b; 20 

FIGS. 4a-4tf each illustrate a different embodiment of 
a vertex clustering technique; 

FIG. 5a illustrates an object Model having a grid 
with a first resolution superimposed thereon; 

FIG. Sb illustrates the resulting object Model; 25 

FIG. 6a illustrates the object Model of FIG. 5a hav- 
ing a grid with a second resolution superimposed 
thereon; 

FIG. 6b illustrates the simpliiied object Model that 
results from clustering vertices within the grid cells of 30 
FIG. 6a,- 

FIG. 7a illustrates the object Model of FIG. 5a hav- 
ing a grid with a third resolution superimposed thereon; 

FIG. lb illustrates the simplified object Model that 
results from clustering vertices within the grid cells of 35 
FIG. 7a,- 

FIG. 8 shows the use of a grid having cells of a first 
resolution and one cell of finer resolution; 

FIG. 9 illustrates the use of a non-orthogonal grid 
embodiment; 40 

FIG. 10 illustrates the display of two objects and 
their resultant projections upon a display screen; 

FIG. 11 is a flowchart that depicts the operation of 
the method of the invention; 

FIG. 12a diagramatically illustrates a relationship 45 
between a vertex list, an edge list, and a triangle list; 

FIG. 126 illustrates a portion of a model that corre- 
sponds to the lists of FIG. 12a; 

FIGS. 13a and 13b illustrate a triangulated model and 
a simplified verion thereof, respectively; and 50 

FIG. 14 is a flow diagram that illustrates the method 
of the invention. 



DETAILED DESCRIPTION OF THE 
INVENTION 



55 



An exemplary raster graphics system 10, as illustrated 
in FIG. lo, includes a main (Host) processor 12 and a 
graphics subsystem 14. The Host processor 12 executes 
an application program and dispatches graphics tasks to 
the graphics subsystem 14. 60 

The graphics subsystem 14 includes several compo- 
nents that perform operations necessary to prepare geo- 
metric entities for display on a raster display device 16. 
For the purposes of describing the invention, a model of 
the graphics subsystem 14 is employed that contains the 65 
following functional units. It should be realized that this 
particular model is not to be construed in a limiting 
sense upon the practice of the invention. 



A Geometric Processing unit 18 performs geometric 
and perspective transformations, as well as clipping 
against screen (window) boundaries. The resulting 
graphics primitives, e.g. vertices, lines, triangles, etc., 
are described in screen space coordinates. 

A Scan Conversion (Rasterization) unit 20 breaks 
down the graphics primitives into raster information, 
i.e. a description of display screen pixels that are cov- 
ered by the graphics primitives. 

A Graphics Buffer unit 22 receives, stores, and pro- 
cesses the pixels in accordance with the method of the 
invention. 

A Display unit 24 receives pixels from the Graphics 
Buffer linit 22 and transforms these pixels into informa- 
tion displayed on the output device 16, typically a raster 
screen. 

Having described an exemplary graphics processing 
system that is suitable for use in practicing the inven- 
tion, a description is now provided of a presently pre- 
ferred method of object simplification. 

For the purposes of describing the invention it is 
assumed that objects are described as polyhedra, i.e. by 
their bounding polygons. Each of the polygons is repre- 
sented as an ordered list of vertices. Models with 
curved surfaces are in general^ tesselated (i.e. approxi- 
mated with planar polygons) for graphic purposes and 
thus also benefit from the simplification technique of the 
invention. 

Preprocessing step 

A processing step constructs one or several models 
(with increasing simplification factors) for each object 
in a scene to be visualized. A first substep of the prepro- 
cessing step is to triangulate each face of a Model 30, as 
illustrated in FIG. 2. Each triangle 30a has three verti- 
ces (V) associated therewith. Triangulation can be ac- 
complished using various known algorithms and need 
not introduce any new vertices into the Model. As the 
result of the triangulation, each face of the original 
Model 30 is decomposed into one or more of the nono- 
verlapping triangular faces 30a. For lighting calcula- 
tions, it is often assumed that the triangle, vertices (V) 
are stored in an order that corresponds to a clockwise 
rotation around a normal (not shown) to the face. Nor- 
mals may be attached to faces or to vertices. Triangula- 
tion does not affect the normal, and does not alter the 
geometric object represented by the Model. 

A second substep of the preprocessing step is to exe- 
cute, at least once, the simplification method of the 
invention on the triangulated Model, thereby producing 
at least one simplified triangulated Model that corre- 
sponds to a simplification factor. 

In general, two simplification techniques may be 
employed. A first technique executes each simplifica- 
tion operation using the original Model. A second tech- 
nique executes the simplifications in order of increasing 
simplification factor and employs the result of the previ- 
ous simplification as the starting point for a subsequent 
simplification. 

For example, let A denote an original Model and let 
T denote the triangulated Model. S(T,K) is the simpli- 
fied triangulated Model, obtained by simplifying T with 
the simplification factor K. Given a selection of three 
values for the simplification factor, for example Kl, K2, 
and K3, three simplified models (Tl, T2, and T3) are 
derived as follows: 

n=S(T,Kl), n-S^T./n), and Ti^'S^ZKi). 



11/13/2003, EAST Version: 1.4.1 



5,448,686 

5 6 

Alternatively, each simplification uses the Model from cluster. Various selection criteria may be employed, 

the previous simplification: including the following. 

Center of grid (FIG. 4a) 

n=S{T.in), T2=S{njC2) and 73=S(72,ft3). For each cell that has at least two vertices, take the 

S position of the center of the grid as the position of the 

The second approach has the advantage of operating on representative vertex. This approach corresponds to 

simpler models, and thus is in general faster. Simplifica- mapping the vertices of the objects to a regular grid. In 

tion factors refer to an absolute size of three-dimen- FIG. 4a the grid cell contains three vertices Vi, Vz, and 

sional areas used for clustering. V3. The representative vertex Q/r) is positioned at the 

When many simplification levels are desired, and 10 geometric center of the grid cell, 

where the simplification factors form a geometric se- First vertex (FIG. 44) 

quence (e.g. one is the double of the previous one), a The position of a predetermined one of the vertices 

more efBcient approach may be obtained by using an within a cell, for example the first (Vi), is made the 

octtree structure (FIG. 3c) as follows. Starting from a representative vertex (V r) of the cluster. This approach 

bounding box computed around the object, for example 15 has the advantage of preserving some of the general 

by using minima and maxima of the coordinates of all geometry of the object, but dso tends to exaggerate the 

vertices, perform a recursive subdivision and build an variations between one simplification level and the next 

octUee of desired depth. Each leaf of the octtree has a Average ( FIG. 4c) 

pointer to one vertex. Leaves for which the maximum The average position of the vertices of a cluster is 

level is reached store a representative vertex of the ^ "sed to position the representative vertex (Vr). This 

cluster of vertices that fall within a cell corresponding approach tends to minimize the difference between two 

to the leaf consecutive simplification levels, but also tends to 

FIG. Sa'shows a two-dunensional object 32 and FIG. shrink convex objects arid holes. For example a long 

3b shows the cells used to sunpUfy the object 32. FIG. tesselated cyUnder shrmks to a hne approximately com- 

3c illustrates the octtree structure representative of a " ^ longitudinal a^s of the cylinder, 

cluster of simplified vertices: V5, V6, and V7. Once the ^ visual side effect is that objects tend to shnnk slightly 
octtree is constructed, it provides the vertices of the 

lowest simplification level. All higher simplification ^if- L , » r 1. , . ^x. 

, , • J 1- ^ L — : This approach selects, for each cluster, the vertex 

levels are obtamed by computmg representative veru- ,„ . ,. 1 . * ..u r « -c 

r I. • * J- » J -n.- 30 that lies closest to the average of all of the vertices. For 

ces for each mtermediate node of the octtree. This may .1. •« . . j 1 ir r 1 * »u 

1. 1- L J • 1. ^ t r4.j. ^ the illustrated example, Vi lies closest to the average 

be accomphshed m a bottom-up traversal of the octtree. ^ ^ ^ ^ ^ 

At each node, use the representaUve vertices of the i^^^^f y, k taken to be the position of V^. This 

children nodes as a clusteiv and detenmne a smgle rep- ^ computationally more expensive than com- 

resenUtive vertex (V»). That vertex is stored at the 35 ^j^^ ^ ^^^^ implementation may 

node of the octtree. To obtoin the vertices that corre- ^^^^ traversing the list of vertices twice. However, 

spond to a particular simphfication level, it is necessary ^-^^ ,^ gg-^^j of simpli- 

only to consider vertices of octtree leaves of that level fication on the visual appearance is minimized. 

of the octtree. Locally extreme points (FIG. 4e) 

Clustering ^ •j-q prevent objects from shrinking during simplifica- 

Clustering is a process by which the vertices are tion, it may be desirable to use the locally extreme point 

grouped. Grouping is preferably accomplished based on technique of FIG. 4e. These points have the highest 

geometric proximity. A simplest grouping test is to probability of lying on the silhouette of the object. 

partition a box that encloses an object into a set of dis- Therefore, using these points as representative vertices 

joint three-dimensional cells, and to declare that all 45 }^ the least visual impact on the appearance of an 

vertices that fall within a single cell are a cluster. Regu- object between two consecutive simplification levels. 

larly spaced cells are relatively simple to implement, in One heuristic for selecting such points is to consider the 

that given the coordinates of a vertex, the cell to which vertices for which the largest angle, between tangent 

the vertex belongs is obtained by rounding off the ver- edges, is the smallest. Efficiently determining such a 

tex coordinates. One suitable formula for this round-off jo measure requires vertex-edge adjacency information 

operation is as follows: Let IJ.K represent the cell stored in the Model, or the use of a data structure which 

address in three dimensions. Let XO and XI represent provides this information without requiring a search 

the lower and higher X coordinates of the bounding through the entire set of vertices or triangles. For the 

box. Similar notation is used for the Y and Z coordi- illustrated embodiment, the vertex is taken to be the 

nates. X,Y, and Z represent the vertex coordinates, K is 53 local extreme point and, as a result, V;; is positioned at 

the simplification factor, and DX, DY, DZ are the di- the coordinate location of V2. 

mensions of a cell: When preparing a plurality of objects for display, one 

or more of the foregoing selection criteria may be em- 
I=JNn(X-m)/DX} with DX=(XO~}n)/K. ployed, depending upon the geometry of the particular 

60 object being prepared. For example, averaging may be 
where INT is an integer function that rounds off the employed for one object, while centering may be em- 
argument, ployed for another. 

A non-regular grid may also be used in a similar man- Simplification 
ner by transforming the vertex coordinates through a Once the representative vertices of all the clusters 
perspective transformation before applying the above 65 have been determined, the triangles of the original 
formula. Model may be found to be degenerate, or may be found 

The selection of the vertex representing a cluster to be duplicated. Triangles defined in terms of original 
occurs whenever there is more than one vertex in the vertices yield, in the simplified Model, triangles 
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bounded by the representatives of the clusters of these tion process, it is kept and displayed as a line segment 
vertices. An example of the importance of maintaining edges is 

For example, if C(V1) is the representative of the illustrated in FIGS. 13a and 136, wherein FIG. 13a 
cluster in which vertex VI participates, then the trian- illustrates an original Model, with triangulation, and 
gle (V1,V2,V3) in the original Model produces the 5 FIG. 136 illustrates the simplified Model which is com- 
triangle (C(yi,C(V2),CCV3)). The new triangle is de- posed of two edges. In that the adjacent vertices of the 
generated if its new vertices are not all distinct. When original Model all lie within common grid cells, if the 
all three new vertices are equal to the same coordinates resulting edges were not preserved the simplification 
(within a same cell), the triangle degenerates into a technique would result in the elimination of the simpli- 
single point. When two of the vertices are equal (within lo flgjj Model 

a same ceU), the triangle degenerates into an edge. Du- pjQ 7^ niustrates the object Model 34 having a third 
plicate triangles, edges, and points are preferably elimi- tjjree dimensional grid 36c positioned thereon, the grid 
nated m order to miprove performance. A preferred j,^^ ^ resolution that is one half that of the grid 

techmque sorts the vertices of^h triangle, and each ^ ^ jj^^ ^^^^ designated with aster- 

edge in lexicographic order. That is an mdex is as- 15 ^.^ ^^^^ ^j,^ one vertex is found. For these grid 
signed to each cluster and pomts (vemces) are sorted ^^^^^ application of one of the clustering methods 
usmg the assigned index. Also, the pomt, edge, and j -u j u u 1* • • i- 

triangle entries are stored within a dati structure that is i'^?^ fZ""' f^^^^f ^;'«=^^S>ng, results m the s.mph- 
readily searched. An array or a Unked list may be used neOModei J<k; 01 t-iu. 7ft 

for storing the sorted entries, although a sorted tree 20 T^^J^<^P^°° f mmiediately above operatesin 
structure has been found to provide the best perfor- accordance with the first simplification technique de- 
jjjj^jjgg scribed above, wherem the onginal object Model is 

As an example of a linked list, reference is made to employed with simpUfication factors of increasing mag- 
FIGS. 12a and izb. FIG. 12a diagramatically illustrates nitude. If the second technique were to be employed 
a relationship between a vertex list, an edge Ust, and a 25 •"s^ad' simplified Model 346 would be employed 
triangle list, while FIG. 126 illustrates a portion of a with the grid 36c of FIG. 7c 

Model that corresponds to the lists of FIG. 12a Having determined a pluraUty of simplified models 

An exemplary linked list includes (a) one sorted list (346 and 34c) for the object Model 34, the object Model 
for all of the vertices, which are identified by their 34 and the simplified versions thereof are stored within 
cluster index, (b) one sorted list for all edges that start at 30 a database of graphic models. FIG. 16 illustrates a mem- 
the same vertex, and (c) one sorted list for all triangles ory 12« that is coupled to the CPU 12 of FIG. la. The 
starting on entries of the edge lists. memory 12a stores a plurality of object models 

As an example of the sorted list for all edges: (MODEL 1— MODEL/) and, in accordance with the 

if edges {V], V2}, {V2, V3), {V3, V]} are present, invention, also stores one or more simplified models 
vidth index (Vi)<index (V2)<index (V3), then 35 (SI, S2, etc.) for each of the object models. A further 
there are two lists: discussion of FIG. 16 will be made below. 

Simplification factors 

K,-.f'2^K3(that accounts for edges {Vi, Vj) and ^.5 has been described, for each object the method 

{''3, and predetermines a number of simplified models at differ- 

Kj-Cj (that accounts for edge {Kz. r,}). 40 ^nt resolutions. These simplified models are stored to- 

gether with the original object. During visualization, 
The lists shown in FIG. 12a correspond to two trian- *e method operates to dynamically select a simplifica- 
gles {Vi, V2, V3} and {Vi, V2, Vj, one isolated edge ^^vel that defines which Model (simplified or not) 

{Vi, V5} and one isolated vertex {Ve}, as shown in ^ for each object, depending on the viewing condi- 
FIG. 126. The entries marked with (*) in tiie lists are not 45 f'ons and the size of the object's projection on the view- 
used when collecting the resulting vertices, faces, and '"S screen. 

edges after simplification. That is, tiiese entries are em- FIG- illustrates an object Model A, an object 
ployed only to ease the simplification process. For ex- Model B, and an object Model C, each of which is 
ample, there is no need to keep the edge {V2-V3}, since disposed at a different distance along the z-axis Each 
it is already part of triangle {Vi, V2, V3}. 50 Model has a projection upon a viewing screen. Bound- 

FIG. 5a Dlustrates an object Model 34 having a three »ng boxes for each of the object Models are also shown, 
dimensional grid 36a positioned thereon. The grid 36a For the illustrated embodiment, the object Models A 
has a first resolution that results in only one vertex and B have a projection that is approximately equal to 
appearing in any given grid cell. As a result, by what- one another, although the object Model B is signifi- 
ever clustering method is employed, the resulting ob- 55 cantiy larger than the object Model A. Object Models 
ject Model 34fl (FIG. 56) duplicates the original Model A and B each have a larger projection upon the viewing 
34, screen than does the larger object C, due to their prox- 

FIG. 6a illustrates the object Model 34 having a sec- imity to the viewing screen. As a result, the object A is 
ond three dimensional grid 366 positioned thereon, the displayed with a Model having a simplification factor of 
grid 366 having a resolution that is one half that of the 60 zero, that is the original Model is displayed, object B is 
grid 36a. As a result, in the grid cells designated with displayed with an object Model having a simplification 
asterisks (*) more than one vertex is found. For these factor of two, and object C is displayed with an object 
grid cells the application of one of the clustering meth- Model having a simplification factor of five (lowest 
ods described above, such as averaging, results in the resolution). If the viewer were to manipulate the display 
simplified Model 346 of FIG. 66. It should be noted that 65 so as to bring object Model B forward along the z-axis, 
a portion of the simplified Model 346 is reduced to an the apparent size and the projection of the bounding 
edge, as seen in the lower portion of the simplified box of object B upon the viewing screen would grow 
Model 346; When such an edge survives the simplifica- larger, and the object B would be displayed with an 
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object Model of higher resolution, such as an object The number V of remaining points in Model 2 is thus 
Model having a simpliRcation factor of zero or one. estimated by: 

By example, it is assumed that a simplification level 0 
produces the original unsimplified object (such as in r=v-E(.N/i). 
FIOS. 5a, 5b), and that other simplification levels (1 ^ 

through 5) correspond to Models of decreasing com- ^h* analysis is based on a random distribution of 
pleiity. It is desirable to choose resolution factors such ^^^^ ^ enclosing box. In 

that the complexity of the models is consistent across all P.^*'^"^'^ ^ distnbuUon is highly irregular and, thus, 
the objects for the same simplification level, so that stmphficanon m general ehminates more pomts than is 
during rendering it is sufficient to select the appropriate 1° *e above aiialysis. 

simplification level for each object, regardless of its Refemng again to FIG. 1&, the system 10 includes 
original complexity. A presently preferred criteria em- PP"' '^^"'''^ ^"^^ ^ « kcyboaid 16a and/or a 

ploys a number of object points as a measure of the Pf "'.'"S device, such as a trackball or a mouse 16b. 
^mplexity. One technique for achieving consistency is ^"^^ ^ "^^^^ ^'^^ "^^^^ ""^^^ according to 
to maintain a constant ratio between the number of " a "serscominand. By example, the user activates a key 
points in a Model, that is, the number of vertices of the °f °' rr ; 1 ' 1'^°""!.' 

^lyhedra. and the relative size of the Model with re- <=™ may access a simphfied Model to be used 

spect to the entire scene. Thus, it is important to esti- object withm fte scene. The system 10 auto- 

i^te the effect of a reduction of the resolution on the f^'^f '° f'P^'fi^. Mod^l ^hen the 

», J , ... ~ . .,, V J' J V 1 T7 20 user imtiates the motion of the objects m the scene. 
Model complexity. This will be discussed below. Fur- j., . ... ^ -.n ^ .. r i, 

• \. » L ■ J -1. J r , . When the motion stops, the system 10 returns to the full 

thermore, efficient techmques are descnbed for select- ^^^^^^^ ^^^e. Th^ may be triggered by an explicit 
ing the optmial smiphficaUon level for each object. ^^^^ ^^^^ ^ ^ ^^^^^ ^^^^^^ 

Selection of resolution facWrs ^ predefined mterval of time (timeout). A sim- 

Reducmg the resolution of a Model is equivalent to 35 lifi^ation level to be used in this mode can be selected 
defmmg larger gnd cells, and to therefore clustering jj,^ ^^-^^ ^^^^^^ ^j^^ „j. ^^^^ ^j^^, 

those vertices that fall within the larger cell mto a smgle 4,,^ expected performance of the graphic system 10. 

new vertex. .... ... The goal is to select from the memory 12a the most 

So as to simplify this analysis, it is assumed that the detailed Model, while also permitting realtime motion 
object Model has been previously sunphfied to level 1 30 to be achieved. That is, the original Model is selected if 
by usmg a resolution R that defines N cells, and that the the time required to display the original Model, includ- 
Model involved V supporting points (vertices of the j^g the calculation of shading, reflections, perspective 
polyhedra). A description is now provided of a tech- transformation, etc., is not inconsistent with providing 
nique to estimate the number of points resulting from a realtime motion of the object on the display 16, other- 
simplification at level 2 with resolution 2R. For simplic- 3j vvise one of the simplified Models is selected. If the 
ity, the same resolution factor in all three dimensions is detail present in the first simplified Model requires a 
employed, although in practice a different resolution display tune that is inconsistent with providing realtime 
factor may be used for each dimension. motion of the object on the display 16, then the second 

In a simplified Model each cell is either empty, or is simplified Model is considered, and so forth, 
occupied by a single point, in which case the cell is said 40 As an alternative to the above approach, where the 
to be full. The probability (p) of a cell m Model i being same simplification level is used for all of the displayed 
full is V/N. A cell of Model 2 combines eight cells of models, an adaptive approach may be employed. For 
Model 1. Let Po denote the probability of a cell of this approach the system 10 selects an appropriate sim- 
Model 2 being empty. Let Pi denote the probability of plification level independently for each object. This 
a cell of Model 2 containing exactly one full cell of 45 selection may be performed, using the enclosing box 
Model 1, and so on until Pg, the probability of a cell of around each object, by determining the size of the pro- 
Model 2 of containing eight full cells of Model 1. These jection of the bounding box on the screen plane (as in 
probabilities are defined as follows: FIG. 10). and by comparing the size of the projection to 

predetermined limit values. To this end, a further stor- 
Pi=(f)p'(^-p)^~'- 50 age device 126 is provided wherein there are stored 

screen projection limit values for each Model (LIMITS 
It is noted that for a non-simplified Model, p may be Mi — LIMITS M/). CPU 12 accesses these limits and 
arbitrary. However, for simplified models p is between compares same to the determined screen projection size 
0 and 1, and approaches 1 as the resolution decreases. for a particular Model. Based on this comparison, an 
When a cell of Model 2 contains less than two full cells SS appropriate Model is selected from the memory 12a. 
of Model 1 no points are eliminated by the simplifica- Objects that project onto small figures on the screen 
tion for that cell. When a cell of Model 2 contains ex- plane are rendered- using a strongly simplified Model, 
acdy two full cells ofModel lone point is eliminated by The limit values may be different for each Model, or 
the simplification and the probability of occurrence is may be tabulated depending on the Model complexity. 
P2. When a cell of Model 2 contains exactly three full 60 For example, if a Model has a small number of faces, 
cells of Model 1. two points are eliminated by the sim- there is no significant advantage in using a simplified 
plification and the probability of this occurrence is Pj. Model, even when the Model's projection on the screen 
Continuing this reasoning yields the following estimate is small. During this projection process. Models that do 
of the number E of points eliminated by the simphfica- not project on the screen, or that project onto some 
tion for one cell: 65 predetermined lower threshold limit of display pixels, 

are detected and not displayed. The enclosing three-di- 
£=1/^+2/^. . . Tfi. mensional boxes are computed in the local coordinate 

systems of the Model, and may be propagated in the 
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Model's hierarchy to permit the elimination of entire 
sub-assemblies. 

For example, it is a common practice to represent 
identical parts as assemblies, with each level of the 
assembly hierarchy representing a collection of sub- 3 
assemblies. At the lowest level, a sub-assembly may be 
Just a solid. As described above, the simplification pro- 
cess is applied to solids (including bounding boxes com- 
putations). However, these calculations may also be 
performed at the level of assemblies: that is, the bound- 10 
ing box of an assembly is determined using the bounding 
boxes of its sub-assemblies, in a recursive manner down 
to the solid. The decision of whether or not to display, 
or the choice of simplification factor, may then be made 
using the bounding box of the assembly. 15 

The simplification technique of the invention may 
also be used as a filter for measured data, for example in 
medical applications. However, care must be taken to 
preserve important features, despite their small size. 

That is, for the display of industrial parts, it is com- 20 
monly accepted practice that details should be re- 
moved, so long as they can be retrieved upon demand. 
However, for medical imagery it may be the case that a 
small detail (small enough to be removed by the simpli- 
fication) is a feature of greatest, interest. Thus, when 25 
applying the teaching of the invention to the display of 
some types of data, it should be realized that size may be 
but one criteria considered during simplification. 

FIG. 11 is a flowchart that depicts the operation of 
the method of the mvention. At Block A the system 10 30 
loads or generates a database of objects appearing in a 
scene to be displayed. By example, the objects may be 
elements of a CAJD database of mechanical parts and 
assemblies of parts. These objects are triangulated using 
one of a number of known types of triangulation meth- 35 
ods. As a result, the surface of each object is tesselated 
as in FIG. 2. Then, for each object, and for each simpli- 
fied Model of the object, the system performs the fol- 
lowing steps. At Block C, the vertices are grouped by 
clustering in accordance with the resolution of a se- 40 
lected sampling grid. At Block D, the Model is simpli- 
fied by detecting and removing degenerate and dupli- 
cate triangles. At Block E the simpUfied Model is stored 
in the memory 12a in association with its base Model. 
At the completion of Block E for all of the simplified 45 
models, and for all of the objects, the system 10 is ready 
to begin an interactive display session with a user. 

In response to a command from the user (Block F) to 
change the position of a displayed object, or to rotate or 
otherwise manipulate the displayed object, the system 50 
10 accesses the memory 12a (Block G) to obtain a suit- 
able Model. By example, if the user comxiands the sys- 
tem to rotate an object at a high speed, the simplified 
Model having the highest simplification factor is ac- 
cessed from the memory 12a. This simplified Model is 55 
passed to the geometric processor 18, and from the 
geometric processor 18 to the other components of the 
graphics subsystem 14, resulting in the display of the 
simplified Model during the rotation. When rotation 
terminates, the Model that was previously displayed is 60 
once more accessed and displayed to the user. Similarly, 
if the user commands the system to zoom in on an object 
in the background, the object being displayed with a 
Model having a high simplification factor, the system 10 . 
accesses a Model having a lower simplification factor, 65 
such as the original Model or the first simplification 
thereof, and displays the more detailed Model to the 
user. As was previously described, it is within the scope 
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of the invention for the system 10 to select an appropri- 
ate simplified Model for display as a function of the size 
of the Model's bounding box projection upon the dis- 
play screen, as a function of the complexity (number of 
faces) of the Model, etc. 

FIG. 14 is a fiow diagram that illustrates in greater 
detail the method of the invention. An original object is 
defined by, by example, a CATIA math block. A num- 
ber of data tables are maintained and employed by the 
method of the invention. These data tables are illus- 
trated in FIG. 14 as being associated With various 
blocks, and are defmed below. 
V: x,y,z coordinates of the original vertices 
x,y,z coordmates of original unit normal vectors 
P: one id to V for object's isolated points 
E: two ids to V for object's isolated edges 
F: id to N for face normal, number of loops, lists of 
loops for the object's planar faces (for each loop: 
number of vertices, a list of ids to V defining the 
loop vertices in, by example, clockwise order) 
T: three ids to V for object's triangular faces 
W: weight between 0 and 1 attached to each V 
C: list of ids for V for each cluster 
R: one id to C attached to each V 
SV: x,y,z coordinates of the vertices of the simplified 
object 

SN: x,y,z coordinates of the unit normal vectors of 
the simplified object 

SP: one id to SV for each isolated point of the simpli- 
fied object 

SE: two ids to SV for the isolated edges of the simpli- 
fied object 

ST: three ids to SV- for the triangular faces of the 

simplified object 
Having defined the various data tables, the individual 
blocks shown in FIG. 14 are now defined. 
GRADING (Block A) 

This block determines a weight for each vertex ac- 
cording to its graphic importance. Vertices with higher 
weights have less chance of being moved during simpli- 
fication. This block creates a W table with one weight 
per original vertex. In a simplest embodiment, all 
weights may be set equal to one another. 

TRIANGULATION (Block B) 

This block decomposes each face into triangles that 
use the original vertices, and creates a T table of trian- 
gles. 

Several processes can be applied to simplified data to 
further simply the data. These processes include the 
following. 

CLUSTERING (Block C) 

This block groups vertices into clusters using geomet- 
ric proximity, and establishes bi-directional pointers 
from the original vertices to clusters (R table) and from 
clusters to original vertices (C table). This block takes 
as parameters, a box, a matrix, and three resolution 
factors. 

SYNTHESIS (Block D) 

This block determines a best representative vertex 
(Vj;) for each cluster using geometric information and 
weights. This block produces the SV table and the W 
table of the corresponding weights, and employs direct 
access into the V table when following the C table 
pointers, 

ELIMINATION (Block E) 

This block detects all degenerate triangles and edges 
and eliminates duplicate points, edges, and triangles. It 
also eliminates points used by edges, or triangles and 
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edges used by tiiangles. The search for duplicates uses 
an internal, temporary data structure. 

NORMALS CALCULATION (ADJUSTING) 
(Block F) 

This block determines new normals to the triangles 5 
for shading. It should be noted that triangles do not 
have id references to the SN table. However, two tables 
are used as parallel structures: the i-th entry in the ST 
table corresponds to the i-th entry to the SN table. This 
block takes as parameters: a policy flag for flat or 10 
smooth normals, and a limit angle. 

Entries in Table 1 represent read (r) and write (w) 
accesses to the data tables by the simplification mod- 
ules. 

TABLE 1 



the object: (a) a center, and (b) a radius of the enclosing 
sphere. 

(B) Construct a three-dimensional minimax box 
around the entire object and divide the three-dimen- 
sional minimax box uniformly into KxLxM approxi- 
mately square cells. For each object, and for each inter- 
nal node, store a string of KxLxM bits. 

(C) During display, and given a new location of the 
camera, determine which cells project onto the screen. 
Construct a string of bits with I's for the cells that 
project onto the screen, and O's for cells that do not 
project onto the screen. Then, for each node, perform 
an AND function between the two strings to see if there 
is a match. Then, compute the radius of a circle that 
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The output data tables (SV, SW, ST, SE, SP) result- 
ing from previous simplification steps may be used as 
input tables (V, W, T, E, P) for a further simplification 
step. This is illustrated in Table 2. 

TABLE 2 



would contain the projection of the object onto the 
screen from the stored center and radius, and determine 
therefrom which simplification level to employ. 
Although described in the context of presently pre- 
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Entries in V, W, and R are synchronized (i.e. they 
have the same number of entries, which correspond to 
one another for a given index). Entries in T and W are 
also synchronized. T contains the result of triangulating 
faces of F. For simplicity, the original data is assumed to 45 
be the boundary of a solid and only has faces, thus P and 
£ are not used for the original simplification. On the 
other hand, if simplifying previously simplified objects, 
the original data may be triangulated, in which case 
there is no F table and the process begins instead with 50 
the T table. However, it is also possible to begin from 
non-triangulated models that also have dangling edges 
and points. 

Several simplification techniques may be used. A first 
is local simplification, wherein each object is simplified 55 
using a minimax box in local coordinates and resolution 
factors. Integers are employed to ensure that the cell 
size is approximately uniform. A second simplification 
technique is global simplification, wherein each object 
is simplified using a common minimax box with unique £0 
resolution factors positioned by the user interactively. 
Vertices that lie outside of the minimax box are not 
clustered noi moved. 

One technique to select which model to use for 
graphics is given below. 65 

(A) Compute a minimax box for each solid in the 
global coordinate system. For moving solids, compute 
the minimax box around the entire motion. Store with 



ferred embodiments of the invention, it should be real- 
ized that the teaching of the invention should not be 
construed to be limited to only these preferred embodi- 
ments. For example, FIG. 8 shows an object Model 40 
that has a regular orthogonal grid 42 disptosed thereon. 
The grid 42 has a first resolution. However, it may be 
desirable to display one portion of the object Model 40 
at a higher level of detail than the rest of the object 
Model. This is accommodated by providing a second 
grid 44 upon a region or regions of the object Model 40 
wherein it is desired to provide greater display detail. 
As seen, the second grid 44 has a significantly finer 
resolution than the grid 42, This results in, during clus- 
tering, the preservation of object detail within the por- 
tion of the object Model 40 that lies within the second 
grid 44. 

It is also within the scope of the invention to display 
objects at a periphery of the scene with a Model of 
greater simplification, in that objects that are located at 
peripheral regions of the human retina are perceived at 
lower resolution that are objects in the center of the 
retina. 

Also, although the object has been described in the 
context of two dimensional and three dimensional grid 
cells having substantially uniform linear dimensions, it 
should be realized that the grid cells may have a variety 
of shapes. FIG. 9 illustrates one embodiment wherein 
an object Model 46 has a three dimensional circular grid 
48 superimposed thereon. The grid 48 is characterized 
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by a set of segmented concentric circles, the grid cells 
providing increasing resolution towards the center of 
the grid. The clustering techniques described in FIGS. 
4a-4e are also applicable to the grid cell geometry 
shown in FIG. 9. 5 

Thus, while the invention has been particularly 
shown and described with respect to preferred embodi- 
ments thereof, it vidll be understood by those skilled in 
the art that changes in form and details may be made 
therein without departing from the scope and spirit of 10 
the invention. 

Having thus described our invention, what we claim 
as new, and desire to secure by Letters Patent is: 

1. A method for execution by a data processor to 
prepare an object for display on a display means IS 
wherein the object is represented by a plurality of verti- 
ces and planar faces each having boundaries defined in 
terms of the plurality of vertices, the method compris- 
ing the steps of: 

generating a first model of the object that represents 20 
the object's original geometry by partitioning the 
planar faces of the object into a plurality of non- 
overlapping planar sub-faces each having bound- 
aries defmed in terms of the plurality of vertices of 
the object; 25 

partitioning space enclosing the first model into a first 
plurality of grid cells; 

generating a first simplified model by, for each grid 
cell of the first plurality of grid cells containing 
more than one vertex of the first model, combining 30 
the vertices of the first model within flie grid cell 
into at least one first representative vertex; and 

storing the first simplified model for subsequent use. 

2. A method as set forth in claim 1 wherein the com- 
bining of the step of generating a first simplified model 35 
includes a step of selecting a center of the grid cell as a 
position of the first representative vertex. 

3. A method as set forth in claim 1 wherein the com- 
bining of the step of generating a first simplified model 
includes a step of selecting a position of a predetermined 40 
one of the vertices within the grid cell as a position of 
the first representative vertex. 

4. A method as set forth in claim 1 wherein the com- 
bining of the step of generating a first simplified model 
includes a step of determining an average position of the 45 
vertices within the grid cell, and a step of selecting the 
average position as a position of the first representative 
vertex. 

5. A method as set forth in claim 1 wherein the com- 
bining of the step of generating a first simplified model 50 
includes a step of determining an average position of the 
vertices within the grid cell, and a step of selecting as 
the first representative vertex a vertex within the grid 
cell that is nearest to the average position. 

6. A method as set forth in claim 1 wherein the com- 55 
bining of the step of generating a first simplified model 
includes a step of selecting as the first representative 
vertex a vertex within the grid cell that represents a 
locally extreme point, wherein the selected vertex has a 
greatest probability of lying on a silhouette of the ob- 60 
ject. 

7. A method as set forth in claim 1 wherein the parti- 
tioning of the step of generating a first model includes a 
step of triangulating the faces of the object, and wherein 
the step of generating a first simplified model includes a 65 
step of detecting and eliminating degenerate and dupli- 
cate triangles that result from the execution of the com- 
bining of the step of generating a first simplified model. 
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8. A method as set forth in claim 1 and further includ- 
mg a step of selecting one of the first model and the first 
simplified model for display on the display means. 

9. A method as set forth in claim 8 wherein the step of 
selecting includes a step of determining a size of a pro- 
jection of the object onto the display means, and 
wherein the step of selecting selects one of the first 
model and the first simplified model as a function of at 
least the determined size of the projection. 

10. A method as set forth in claim 8 wherein, in re- 
sponse to a required motion of the object on the display 
means, the step of selecting selects the first model if a 
time required to display the first model is sufficiently 
small for providing realtime motion of the object on the 
display means, otherwise the step of selecting selects the 
first simplified model. 

11. A method as set forth in claim 8 wherein the step 
of selecting includes a step of determining a number of 
faces of the object, and wherein the step of selecting 
selects the first model if the number of faces is below a 
threshold number of faces. 

12. A method as set forth in claim 1 further including 
the steps of: 

partitioning space enclosing the first model into a 
second plurality of grid cells, wherein said second 
plurality of grid cells has a larger dimension than a 
corresponding dimension of said first plurality of 
grid cells; 

generating a second simplified model by, for each 
grid cell of the second plurality of grid cells con- 
taining more than one vertex of the first model, 
combining the vertices of the first model within the 
grid cell into at least one second representative 
vertex; and storing the second simplified model for 
subsequent use. 

13. A method as set forth in claim 1 further including 
the steps of: 

partitioning space enclosing the first simplified model 
mto a second plurality of grid cells, wherein said 
second plurality of grid cells has a larger dimension 
than a corresponding dimension of said first plural- 
ity of grid cells; 

generating a second simpUfied model by, for each 
grid cell of the second plurality of grid cells con- 
taining more than one vertex of the first simplified 
model, combining the vertices of the first simphfied 
model within the grid cell into at least one second 
representative vertex; and 

storing the second simplified model for subsequent 
use. 

14. A method for execution by a data processor to 
prepare an object for display on a display means 
wherein the object is represented by a plurality of verti- 
ces and planar faces each haying boimdaries defined in 
terras of the plurality of vertices, the method compris- 
ing the steps of: 

generating a first model of the object that represents 
the object's original geometry by partitioning the 
planar faces of the object into a plurality of nono- 
verlapping triangular regions each having bound- 
aries defined in terms of the plurality of vertices of 
the object; 

partitioning space enclosing the first model into a 
plurality of grid cells; 

generating a first simplified model by, for each grid 
cell of the plurality of grid cells containing more 
than one vertex of the first model, combming the 
vertices of the first model within the grid cell into 
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at least one representative vertex in accordance 
with a combination criteria; 
storing the first model for subsequent use; and storing 
the first simplified model for subsequent use. 

15. A method as set forth in claim 14 wherein the 
combination criteria selects a center of the grid cell as a 
position of the representative vertex. 

16. A method as set forth in claim 14 wherein the 
combination criteria selects a position of a predeter- 
mined one of the vertices within the grid cell as a posi- 
tion of the representative vertex. 

17. A method as set forth in claim 14 wherein the 
combining of the step of generating a first simplified 
model includes a step of determining an average posi- 
tion of the vertices within the grid cell, and wherein the 
combination criteria selects the average position as a 
position of the representative vertex. 

18. A method as set forth in claim 14 wherein the 



combining the vertices within the cell into a repre- 
sentative vertex; and 
means for generating said at least one simplified 
model so as to include the representative vertex. 
S 24. Graphics display apparatus as set forth in claun 23 
and further including means for storing a tree data 
structure containing vertices of the model. 

25. Graphics display apparatus as set forth in claim 23 
and further including means for storing a linked list data 

10 structure containing vertices of the model. 

26. Graphics display apparatus as set forth in claim 22 
and further including means for storing limit values 
related to a size of a projection of the object on a display 
screen means, and wherein said processing means is 

15 responsive to a determined size of a projection of the 
object, and to said stored limit values, to select one of 
said models for display. 

27. Apparatus for displaying an object represented by 
a plurality of vertices and planar faces each having 



combining of the step of generating a first simplified 20 boundaries defmed in terms of the plurality of vertices, 
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model includes a step of determining an average posl 
tion of the vertices within the grid cell, and wherein the 
combination criteria selects a vertex within the grid cell 
that is nearest to the average position as the representa- 
tive vertex. 

19. A method as set forth in claim 14 wherein the 
combination criteria selects a position of a vertex that 
represents a locally extreme point within the grid cell as 
a position of the representative vertex, wherein the 
selected position is a position that has a greatest proba- 
biUty of lying on a silhouette of the object. 

20. A method as set forth in claim 14 wherein each of 
the plurality of grid cells is of substantially equal size. 

21. A method as set forth in claim 14 wherein the jj 
plurality of the three dimensional grid cells are of differ- 
ent sizes. 

22. Graphics display apparatus for displaying at least 
one object, comprising: 

memory means for storing a model of an object and 
for storing at least one simplified model of the 
object, the model having a first plurality of vertices 
and the at least one simplified model having a sec- 
ond plurality of vertices that is less than the first 
plurality of vertices; 

means, responsive to a command from a user of the 
apparatus, for indicating that a motion of displayed 
object is to occur; and 

processing means, coupled to and responsive to the 
indicating means, for accessing the memory means 
to select for display one of the model of the object 
and one of the at least one simplified models of the 
object. 

23. Graphics display apparatus as set forth in claim 22 
wherein said processing means includes means for pro- 
cessing the model of the object so as to produce said at 
least one simplified model thereof, said processing 
means including, 

means for partitioning space enclosing the model into 60 

the plurality of cells; 
means, responsive to one of the plurality of cells 

containing more than one vertex of the model, for 



the apparatus comprising: 
means for generating a first model of the object that 
represents the object's original geometry by parti- 
tioning the planar faces of the object into a plural- 
ity of non-overlapping planar sub-faces each hav- 
ing boundaries defined in terms of the plurality of 
vertices of the object; 
means for partitioning space enclosing the first model 

into a plurality of grid cells; 
means for generating a simplified model of the object, 
responsive to a condition wherein one of the plural- 
ity of grid cells contains more than one vertex of 
the first model, by combining the vertices con- 
tained within the one grid cell into a resultant ver- 
tex having a position that is a function of the posi- 
tions of the vertices contained within the one grid 
cell; and 

means for storing the simplified model for subsequent 

use in displaying the object. 
28. A method for execution by a data processor to 
prepare a representation of an object for display on a 
display means, wherein the object is represented by a 
plurality of vertices and planar faces each having 
boundaries defined in terms of the plurality of vertices, 
45 the method comprising the steps of: 

generating a first model of the object that represents 
the object's original geometry by partitioning the 
planar faces of the object into a plurality of non- 
overlapping planar sub-faces each having bound- 
aries defined in terms of the plurality of vertices of 
the object; 

partitioning space enclosing the first model into a 

plurality of grid cells; 
generating a simplified model of the object by com- 
bining, in response to a condition wherein one of 
the plurality of grid cells contains more than one 
vertex of the first model, the vertices contained 
within the one grid cell into a resultant vertex hav- 
ing a position that is a function of the positions of 
the vertices contained within the one grid cell; and 
storing the simplified model for subsequent use in 
displaying the object. 
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